A peptide library approach based on electrospray mass-spectrometric (ESI-MS) detection of phosphopeptides was designed for rapid and quantitative characterization of protein kinase specificity. The k cat /K m values for the protein kinase Cβ (PKCβ) were determined for a systematically varied set of individual substrate peptides in library mixtures by the ESI-MS method. The analysis revealed a complex structural specificity profile in positions around the phosphorylated serine with hydrophobic and/or basic residues being mostly preferred. On the basis of the kinetic parameters, a highly efficient peptide substrate for PKCβ (K m value below 100 nM) FRRRRSFRRR and its alanine substituted pseudosubstrate-analog inhibitor (K i value of 76 nM) were designed. The quantitative specificity profiles obtained by the new approach contained more information about kinase specificity than the conventional substrate consensus motifs. The new method presents a promising basis for design of substrate-site directed peptide or peptidomimetic inhibitors of protein kinases. Second, highly specific substrates could be designed for novel applications such as high-throughput protein kinase activity screens on protein kinase chips. (Journal of Biomolecular Screening 2005:320-328) Key words: protein kinases, protein kinase inhibitors, protein kinase C, mass-spectrometry, peptide library P HOSPHORYLATION OF TARGET PROTEINS by protein kinases is the most abundant type of molecular regulation, involved in virtually every cellular process, and the fidelity of this regulation mechanism is ensured by the substrate specificity of these enzymes. Detailed knowledge of the substrate specificity profile enables the design of the specific inhibitors of protein kinases that can be used for therapeutic intervention with different diseases. Second, specific substrates of protein kinases can be designed for use as molecular probes for diagnostic purposes. The knowledge about the substrate specificity profile may also enable the prediction of the potential phosphorylation targets in protein sequence databases.
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HOSPHORYLATION OF TARGET PROTEINS by protein kinases is the most abundant type of molecular regulation, involved in virtually every cellular process, and the fidelity of this regulation mechanism is ensured by the substrate specificity of these enzymes. Detailed knowledge of the substrate specificity profile enables the design of the specific inhibitors of protein kinases that can be used for therapeutic intervention with different diseases. Second, specific substrates of protein kinases can be designed for use as molecular probes for diagnostic purposes. The knowledge about the substrate specificity profile may also enable the prediction of the potential phosphorylation targets in protein sequence databases.
In earlier studies, the minimal consensus motifs of substrate recognition sites for a number of protein kinases have been defined by using synthetic peptide substrates. 1 However, the consensus motifs contain a limited amount of information because they show only the most favorable amino acids in a few key positions around the phosphorylatable amino acid residue. Because of the high redundancy of such sequence motifs, they have no particular value for phosphorylation site predictions. It has now been largely recognized that the substrate site specificity of protein kinases involves a higher degree of complexity, 2 which can be fully characterized only by extensive and systematic structural variations in the critical region around the phosphorylation site. In recent years, combinatorial peptide library mixtures have been successfully used for this task in a number of cases. [3] [4] [5] The advantage of these methods is the reduction in time and cost by performing simultaneous analysis of multiple peptides in a mixture. However, if compared with the classical kinetic assay using individual peptide substrates, the library technologies reported so far do not provide quantitative kinetic data for individual components of the mixture. Moreover, in most cases, no attention has been paid to the fact that the comparable quantitative data of peptide phosphorylation can be obtained only if the substrate turnover is followed under the initial velocity conditions.
In recent years, the electrospray mass-spectrometry (ESI-MS) technology has been repeatedly shown to be among the most sensitive methods for quantitative detection and resolution of complex peptide mixtures 6, 7 providing a linear range of detection of more than 4 orders of magnitude and a detection limit reaching to low femtomolar concentrations. Here, we demonstrate that the application of ESI-MS for resolution and quantitative detection of a rationally designed peptide substrate library gives new perspectives for quantitative and high-throughput characterization of protein kinase specificity.
The general aim of the current study was to develop a quantitative ESI-MS-based method for studying the protein kinase specificity with peptide libraries. In our previous studies, we have shown that a peptide structure LLRLHSLRER is an efficient substrate for at least 2 relatively distant representatives of 2 large kinase groups; the mammalian protein kinase C (PKC)β (representative of the PKC family in ACG group) and the plant calciumdependent protein kinase (CaMK group). 8, 9 Such overlapping specificity suggests that this structure may serve as a universal template for kinases from these 2 groups. Using the split synthesis strategy, a mixture of amino acids was introduced into each subsequent position of the peptide, leaving the rest of the structure unchanged. The amino acids were chosen by taking into account that the mass per charge ratios in positive ion mode of the spectra would not be overlapping.
With the help of the new method, the sensitivity of structural variation for substrates to PKC could be characterized with high precision in terms of kcat/Km values for the catalyzed reaction. By evaluating the specificity determinants at each position, we were able to design a highly efficient peptide substrate for PKC, as well as its alanine-substituted pseudosubstrate-analog inhibitor. Finally, we show that the obtained specificity profile may provide a reliable tool for predicting the presence of phosphorylation sites of PKC from protein sequence databases.
MATERIALS AND METHODS

Synthesis of the peptide libraries
The peptide libraries were synthesized using PerSeptive 9050 Plus automated peptide synthesizer with Fmoc strategy, using TBTU/DIPEA as the coupling reagent and dimethylformamide (DMF) as solvent. For the synthesis, NovaSyn TGA with 4-hydroxymethylphenoxyacetic acid linker was used (Novabiochem, Läufelfingen, Switzerland). The side-chain protecting groups used in synthesis were 2,2,4,6,7-pentamethyldihydrogenbenzofurane-5-sulfonyl (Pbf) for Arg, trityl (Trt) for Asn and His, O-tert-butyl (OtBu) for Glu, t-butyloxycarbonyl (t-Boc) for Lys, and tert-butyl (tBu) for Ser. The 8 different amino acids (A, N, E, G, I, K, F, and V) were coupled to the position X manually. Each of the 9 libraries had the following overall structures: XLRLHSLRER, LXRLHSLRER, LLXLHSLRER, LLRXHSLRER, LLRLXSLRER, LLRLHSXRER, LLRLHSLXER, LLRLHSLRXR, and LLRLHSLREX. The synthesizer was programmed to stop at position X, and the resin was removed to 8 different columns. Amino acids were activated manually, then added separately to the columns and stirred overnight at room temperature. After washing 3 times with DMF, the coupling was monitored by a ninhydrin test. 10 Following the manual coupling, resins were pooled and returned to the synthesizer to complete the synthesis. Peptides were verified using a MALDI-TOF mass spectrometer (Bruker, Germany).
PKC
PKCβ was isolated from pig spleen according to the method of Parker and Marais 11 with the modifications of Ferrari and Thomas. 12 Human recombinant PKCβII was obtained from Calbiochem and was used as a control in the kinetic studies with the newly designed peptides.
Phosphorylation of the peptide libraries
Phosphorylation of the peptide libraries by PKC was performed in a reaction mixture containing 50 mM Tris-HCl (pH 7.5), 5% DMSO, 0.75 mM CaCl 2 , 60 µg/ml phosphatidylserine, 1 µg/ml diolein, 0.5 mg/ml bovine serum albumin, 10 mM MgCl 2 , 0.2 mM [γ- Aliquotes of 500 µl were taken at several time points, and the reaction was stopped with 0.3 volumes of acidic stop solution composed of 1M HCl added to a solution of 50 mM MES (pH 5.5)/1M NaCl, in a volume ratio of 1:40. The pH of the aliquots was titrated back to pH 5.5 with a predetermined amount of the same MES/NaCl buffer containing NaOH as the basic component. The phosphopeptides were subsequently isolated using a ferric chelating column based on Chelating-Sepharose 6B as described in Muszynkska et al. 13 The 250 µl ferric column was equilibrated with MES buffer (pH 5.5) containing 1M NaCl. Ten column volumes of the same buffer were used to wash the column, and the phosphopeptides were eluted using 1.8 ml of 20 mM sodium phosphate buffer (pH 7.7) containing 1M NaCl. A defined amount of the standard peptide LLRLHSLRE was added to the eluted phosphopeptides, and the resultant mixture was desalted using a 10-µl column of R3 beads (Poros) packed into a gel-loading pipette tip, equilibrated with 0.5% formic acid. After loading the sample, the column was washed with 200 µl of 1% formic acid and 20 µl of 0.5% formic acid. The peptides were eluted with 30 µl of 25% acetonitrile in 0.5% formic acid, and 1.5 µl of the obtained eluate was transferred into the nanospray needle for quantification of the phosphopeptide patterns using ESI-MS. All initial velocity experiments were performed a minimum of 2 times. The same sample preparation procedure was performed for the phosphopeptide calibration experiments. For these experiments, the libraries were phosphorylated using larger amounts of enzyme and longer time periods to achieve maximal phosphorylation of all components. Different volumes of the obtained solutions were then mixed with appropriate volumes of stop solution and nonphosphorylated reaction mixture containing the same library. In this way, the calibration mixtures were generated, containing equally phosphorylated library components in concentrations covering the concentration range of the phosphopeptides observed in aliquots taken at initial velocity conditions. In Optimal Specificity Profile of Protein Kinase C the case of 2 libraries, LLXLHSLRER and LLRLHSLXER, some of the peptides were not 100% phos-phorylated over the time periods used. In these cases, the values corresponding to 100% were calculated by taking into account the relative amount of remaining nonphosphorylated peptides compared to their relative amounts in nonphosphorylated libraries. In parallel, the initial velocity measurements were also followed by the phosphocellulose paper method as in Loog et al., 9 to quantitatively estimate the extent of library phosphorylation. The phosphocellulose paper method was also used for determination of K m and V max values for peptides that were synthesized separately. For each peptide, the reaction time and amount of enzyme used was adjusted so that the initial rates of the phosphorylation reaction could be measured. The reactions were initiated by addition of the [γ- 
ESI-MS analysis of the libraries
The mass-spectrometric analyses were carried out on a Micromass Q-TOF hybrid mass spectrometer (Micromass, Manchester, UK) equipped with an orthogonal electrospray source (Z-spray), operated in the electrospray positive ion mode. The nanospray needle containing 1.5 µl of desalted peptide library solution was used for injection. The optimized conditions were capillary voltage 800 V, source temperature 80°C, and cone voltage 25 V. The ESI gas was nitrogen. Q1 was set to broad bandwith and was scanned between 200 and 400 with a cycle time of 1 s. The TOF analyzer collected data between m/z 200 and 800. The spectra were analyzed using Masslynx software 3.5. The background of the spectra was subtracted, and centered peak heights of the 1st peaks of isotopic clusters of both +3 and +4 (when present) charge variants were summarized for each peptide. Because of the partial spectral overlap, the intensities for peptides containing N or E in varied positions were obtained similarily except that the predicted value of the 2nd isotopic peak of peptides containing I and K, respectively, were previously subtracted from the 1st peak values of peptides containing N and E in varied positions. The concentration of the desalted library used for injection to MS was always kept so low that the total ion current of the most abundant peak in a single spectra was below 1000, so that dead time correction was not necessary to obtain a linear calibration curve.
Determination of kinetic constants for the peptide library phosphorylation reaction
At saturating MgATP concentrations, the total initial velocity of the library phosphorylation (v t ) can be expressed as the sum of individual initial velocities in the form of a modified MichaelisMenten equation, 14 in which the different library components relate to each other as competitive inhibitors. In this situation, the apparent K m for an individual peptide A can be expressed as its real K m multiplied by a factor (1 + The k cat /K m , or the "specificity constant," but not the K m values alone, are the best characteristics for the specificity of a substrate toward a particular enzyme, representing the specificity in the sense of discriminating between 2 or more competing substrates in a mixture. 15 This is analogous to the situation in vivo in which several possible substrate sites are potentially present.
Working in initial velocity conditions is important for obtaining the correct k cat /K m values for each library component. According to this criterion, at the point of taking an aliquot, the extent of phosphorylation of any individual component of interest should not exceed 10%. In several libraries, the initial velocity differences for individual peptides were large, and additional aliquots at higher phosphorylation levels were taken for accurate quantification of the signals of the peptides with lower activity. In these cases, at least 1 peptide must be within the range of 10% of turnover in both of the 2 subsequent aliquots, to serve as a reference value to obtain the full initial velocity profile for all library components.
RESULTS
Design of the peptide library
We focused on developing the ESI-MS-coupled library approach for kinases, which require 1 or multiple basic residues as the main specificity determinants in the minimal consensus sequence. These enzymes, also classified as the basophilic protein kinases, 16 belong mainly to the ACG and CaMK groups of the protein kinase superfamily 17 and have the common requirement for the basic residue in position -3 from the phosphorylated amino acid. Nine libraries were designed and synthesized, each containing a nearly equimolar mixture of 9 amino acids in 1 of the 9 positions flanking the serine in the template structure LLRLHSLRER. The varied mixture contained amino acids with basic, acidic, hydrophilic, and hydrophobic side chains, providing minimal but sufficient structural variation for the study of structure-activity relationships. The other natural amino acids were excluded because of possible phosphoacceptor hydroxyl groups (S, T, Y), low stability (C, M, W), or overlapping of mass-spectral signals from phosphorylated or nonphosphorylated forms from other library components (L, Q, H, D). For primary evaluation of the method and to enable a comparison of the data in terms of k cat /K m , the template peptide and the peptides with arginine substitutions in each position were synthesized separately ( Table 1 ). The K m and V max values of these peptides were determined by the conventional phosphocellulose paper method.
Development of the ESI-MS-based method for quantitative evaluation of peptide library phosphorylation
ESI-MS was selected as the most sensitive technique currently available for separation and quantification of structurally similar peptides in library mixtures. The nanospray interface was chosen for its high sensitivity compared to the standard interface.
Under the conditions described in the Materials and Methods section, both nonphosphorylated and phosphorylated libraries appeared as clusters of +3 and +4 charge variants when spectra were taken in the positive ion mode. In a few cases, traces of +2 and +5 charge variants were also observed, and their heights were added to the summarized signals of the +3 and +4 charge variants. For the libraries that were varied in positions where the template structure contained arginine (positions -3, +2, +4) or histidine (position -1), the +4 charged variants were present only for peptides with a positively charged amino acid in the varied position (R or K), whereas the other members of the library appeared as +3 charge variants.
To confirm that the measurements were carried out in the linear detection range, calibration of the phosphorylated libraries was performed using the same amount of standard peptide LLRLHSLRE and different dilutions of the phosphorylated libraries. The phosphopeptides of the calibration mixtures were purified similarly as in the initial velocity assays using the ferric chelating chromatography and subsequently desalted using the R3 beads as described in the experimental section. This experiment showed that the quantitative phosphopeptide pattern in the spectra was reproducible over the concentration range used in the initial velocity experiments (Fig. 1A) and the phosphopeptide amounts showed linear relation with the standard in case of each library component (Fig. 1B) . The lower limit of the calibrated range allowed quantita- 
FIG. 1.
Quantitative calibration of the electrospray mass-spectrometric detection method for phosphopeptides. (A) The quantified spectral pattern of phosphopeptides is independent of the amount of library analyzed. The fully phosphorylated pattern of library XLRLHSLRER is shown as the average of 10 independent measurements, which comprise 5 different dilutions of the library in duplicates. All spectral intensities are normalized to the argininecontaining peptide. Each library was phosphorylated using excess amounts of protein kinase C for 2 h to achieve maximal phosphorylation of all components. Different volumes of the obtained solutions were then mixed with appropriate volumes of stop solution, together with nonphosphorylated reaction mixture containing the same peptide library. This approach generated calibration mixtures containing increasing low amounts of phosphorylated library and fixed high amounts of nonphosphorylated peptides. The dilutions of phosphorylated library components covered the concentration range of the phosphopeptides observed in kinetic experiments. Sample preparation included Fe-chelating chromatography followed by passage over an R3 reverse phase column as described in the Materials and Methods section. (B) Linear dependence of the spectral signals over the dilution series corresponding to the phosphopeptide concentration range observed in the kinetic experiments for initial velocity determination. Each symbol designates a peptide with different amino acids in the variable position of the library XLRLHSLRER. The signals were normalized to that of the standard peptide LLRLHSVRE, which was added in constant amounts every time before the R3 desalting step.
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tive detection of each phosphopeptide at picomolar concentration. Such results confirmed that the described simple 2-step sample preparation could be reproducibly used for quantitative analysis of peptide phosphorylation in the library mixtures by ESI-MS.
The spectra taken for initial velocities and calibration mixtures for the libraries XLRLHSLRER and LXRLHSLRER are shown as the +4 charged components in Figures 2A and 2B . The components of these 2 libraries have the same molecular masses and show very similar spectral patterns when fully phosphorylated. In contrast, profoundly different peak heights were observed for the individual peptide components in the initial velocity spectra. Furthermore, large differences were observed when the initial velocity spectra of the 2 libraries were compared, demonstrating strong sequence specificity of PKC for these 2 adjacent positions.
Specificity profile for PKC obtained from the peptide library experiments
The obtained specificity profiles presenting the k cat /K m values for each library component in the PKCβ-catalyzed phosphorylation reaction are given in the form of diagrams in Figure 3 . In addition, the K m and V max values for template peptide and for the peptides in which amino acids were successively replaced by arginine were determined separately ( Table 1 ). The position showing the highest sensitivity for amino acid substitutions was position -3 upstream from the serine. It was not surprising because it is known to be a conserved substrate recognition feature in basophilic kinases. 18 According to our data, arginine is exclusively preferred over lysine in this position. The most important specificity determinant at the C-terminal side of the peptide was found to be arginine in position +2. These results are in agreement with a number of previous studies reviewed by Kennelly and Krebs. 1 In addition, arginine was strongly preferred over the other amino acids in positions -5, -2, +3, and +4. However, the specificity in these positions was not as stringent as that of position -3, and lysine was well favored, though always less than arginine. The only position in which positive amino acids were not preferred over the hydrophobic ones was position -5, where a phenylalanine substitution showed strong effect. However, arginine was still effective, demonstrating only about a 2-fold lower activity relative to phenylalanine. Position +1 was shown to tolerate both basic and bulky hydrophobic amino acids, whereas amino acids with small side chains such as glycine and alanine produced a strong negative effect. In contrast, glycine and alanine, in position -1, contributed a positive effect, comparable to the dominating arginine and lysine residues. In general, compared to other varied positions, position -1 showed the lowest overall specificity for amino acid substitutions.
In all varied positions, the positively charged arginine residues showed strong preference over negatively charged glutamic acid substitutions, pointing to a universal importance for electrostatic interactions in the vicinity of the phosphorylation site. Aside from the exceptions in position -1 and +1, this result was in good agreement with sequence alignment-based prediction of amino acid contacts between the peptide substrate side chains and residues in the active site of PKCβ isoenzymes.
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Design of the optimal peptide substrate for PKC By combining the most favorable amino acids in each position that flanked the serine, we designed an optimal peptide structure, FRRRRSFRRR, and tested it as a substrate for PKCβ. The phenylalanine in position +1 was included instead of arginine to reduce the net positive charge and because it did not appreciably In contrast, profoundly different peak heights are observed for the individual peptide components in the initial velocity spectra, showing strong sequence specificity of protein kinase C in these 2 adjacent positions, with the optimal amino acids determined to be phenylalanine and arginine. The 2 undesignated peaks on the left side of the spectra correspond to trace amounts of the nonphosphorylated library components that remain bound to the Fe-chelating column.
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A change the specificity of substrate peptide (Fig. 3) . PKCβ showed very high activity toward the new peptide with a K m value in the concentration range lower than 100 nM (Table 1) . It is not possible to accurately measure the exact value of K m at such a low concentration range. The new substrate has at least 2-fold higher specificity for PKC than the best known peptide substrate, the pseudosubstrate-based peptide RFARKGSLRQKNV. It was also found that the V max values of the 2 peptides were in comparable range and that the combined specificity determinants contributed mainly to the value of K m ( Table 1) . To test the relative specificity of these peptides, a phosphorylation assay of a mixture of 3 peptides, FRRRRSFRRR, RFARKGSLRQKNV, and the template peptide LLRLHSLRER, was performed using the ESI-MS method for phosphopeptide detection. As shown in Figure 4 , the newly designed peptide was phosphorylated much more efficiently and suppressed the phosphorylation of the other 2 specific substrates in the 1st phase of the reaction. Such delay in the substrate mixture turnover can happen when 1 of the substrates have a very high (1+ [S]/K m ) factor and it acts as a competitive inhibitor relatively to others until it has been mostly consumed. Such behavior is an additional indicator of a very high affinity of the newly designed peptide.
Substrate specificity-based design of pseudosubstrate inhibitor for PKC Next, we tested if the obtained quantitative specificity profile can be used for the design of pseudosubstrate inhibitor structures. Pseudosubstrate inhibitors are generally the substrate analogs with the phosphoacceptor amino acid replaced by alanine. We designed a new peptide by replacing the serine in FRRRRSFRRR with alanine to create a highly efficient pseudosubstrate inhibitor with a K i value of 76 nM. It was shown that the action mode of the new compound was competitive in respect to both peptides LLRLHSLRER and FRRRRSFRRR (Figs. 5A, 5B, respectively) , suggesting the pseudosubstrate mechanism of inhibition. It also confirms that the high efficiency of the peptide substrate FRRRRSFRRR is not due to some undefined activator effect resulting from binding to some other part of the enzyme molecule than the active site substrate binding region. Table 1 .
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DISCUSSION
Our study shows that ESI-MS can be successfully applied for quantitative screening of peptide libraries in protein kinase studies. ESI-MS analysis has very high quantitative detection sensitivity, allowing for the detection of each single phosphopeptide in a library mixture under initial velocity conditions. This can even permit the measurement of phosphopeptide formation in the picomolar concentration range. The ability to study the effects of amino acid variations in kinetic detail offers a great advantage over the relatively unquantitative random libraries containing a large number of components.
The novel peptide library approach is based on the use of an efficiently phosphorylated template peptide, which contains the minimal consensus motif for recognition by the kinase. This strategy enabled us to characterize the structural requirements for amino acid side chains in each position of the substrate under conditions, where the remaining unvaried portion of the peptide provides a sufficient number of specificity determinants to maintain efficient phosphorylation. Such a positionally oriented approach allowed us to correctly determine the kinetic constants for individual substrates, even when very detrimental substitutions were introduced at the varied positions.
Based on several previous studies, one can define a minimal consensus sequence for PKC as R/KXXS/TXR/K, 1, 2, 16, 19 which points out the most important specificity determinants as the basic residues in positions -3 and +2. Although the experiments presented here confirmed the importance of this minimal motif, it was also found that other positions in the vicinity of the phosphorylation site had strikingly sensitive specificity requirements. Recent studies have demonstrated that primary structure specificity determinants may provide useful information for the prediction of in vivo substrates of protein kinases using protein sequence databases. [20] [21] [22] However, it is not clear if a minimal consensus motif is sufficient for such predictions or whether it is necessary to employ a detailed and quantitative specificity profile of the sequence surrounding the phosphoacceptor amino acid. Therefore, it will be of benefit to determine more precisely how often the minimal consensus sequence elements and the additional specificity determinants in other positions are present around the phosphorylation sites in established protein substrates of PKC. We analyzed the 9 surrounding positions of PKC phosphorylation sites from protein sequences retrieved from the phosphoprotein database PhosphoBase (http://www.cbs.dtu.dk/databases/PhosphoBase/) described in Kreegiupuu et al. 23 and Blom et al. 24 Every unique serine or threonine shown in the database to be a bona fide PKC phosphorylation site was categorized for the presence of the 2 main specificity elements of the minimal consensus sequence R/ KXXS/TXR/K and also for the presence of additional specificity determinants shown in the full specificity profile B/R/K-R/K-R/K-R/K-X-S/T-B/R/K-R/K-R/K-R/K. Taken together, the results shown in Table 2 reveal the surprising result that only 20% of the known 173 substrate sites possess the full minimal consensus sequence R/KXXS/TXR/K. Furthermore, 26% of all the sites did not contain this motif at all. Of these sites, the majority had 2 or more additional specificity determinants. Additional determinants were also important in cases in which full or partial consensus motifs were present.
It can be concluded from our analysis that additional to the consensus sequence, the specificity elements determined by the ESI-MS method are also used in natural protein phosphorylation sites, and for prediction of these sites from the sequence databases, the whole specificity matrix has to be used. Availability of such detailed specificity matrices will enable the identification of potential sites for phosphorylation site-to-alanine mutagenesis, an approach widely used for studying the functionality of protein phosphorylation. In addition, such information can be very useful for assigning candidate kinases for in vivo phosphorylated sites identified in mass-spectrometric analysis of protein digests.
Generally, the requirement of the initial velocity measurement is a limitation in the methods of library mixtures because as the number of the components increases, the detection threshold lowers. However, in the present study, we have successfully demonstrated, despite the few limitations in the library design, such as the possible spectral overlap that decreases the number of available variations, that ESI-MS is an excellent and highly sensitive technique for such analysis, because the phosphopeptide detection was linear down until the picomolar range and theoretically allows this method to be applied to mixtures with much larger component numbers.
By combining the optimal specificity determinants for PKC around the serine residue, a peptide structure with the highest known specificity so far known for PKC was created; furthermore, the serine to alanine substituted analog of this peptide behaved as a pseudosubstrate inhibitor with a nanomolar K i value. Interestingly, highly basic stretches of amino acids can be found in several proteins from general protein databases indicating that the highly basic nature of the designed peptides is not something entirely nonphysiological.
We propose that this positionally oriented ESI-MS approach improves the potential for design of substrate site-directed peptide or peptidomimetic inhibitors for protein kinases in general. Highly specific and selective substrates could be designed for novel applications such as high-throughput protein kinase activity screens on protein kinase chips. [25] [26] [27] The potent pseudosubstrate inhibitors can be linked to membrane-permeant signal peptides for modulation of protein kinase activities in vivo, as described in recent studies. 28, 29 Full specificity profile -5 -4 -3 -2 -1 +1 +2 +3 +4 B/R/K-R/K-R/K-R/K-X-S/T-B/R/K-R/K-R/K-R/K Minimal consensus motif -3 -2 -1 +1 +2 R/K-X-X-S/T-X-R/K The 9 amino acid positions surrounding the phosphorylated residue were analyzed in protein kinase C phosphorylation sites retrieved from the phosphoprotein database PhosphoBase (http://www.cbs.dtu.dk/databases/PhosphoBase/) described by Dostmann et al. 23, 24 Every unique serine or threonine was categorized for the presence of the 2 main specificity elements of the consensus sequence and also for the presence of additional specificity determinants shown in the full specificity profile (B denotes a large hydrophobic amino acid).
